Carious lesions develop in tooth surfaces where there is an imbalance of the processes of acid and alkali production by supragingival biofilms. Since low pH is the main driving factor in the development of carious lesions, most efforts to identify an effective anticaries therapy have focused on targeting the acid-producing bacteria and their mechanisms of acid production. An expanding area of oral microbiology has now been devoted to explore microbial metabolic activities that help to neutralize biofilm pH and thus inhibit the caries process. Arginine metabolism via the arginine deiminase pathway (ADS) produces alkali in the form of ammonia that counteracts the effects of biofilm acidification from bacterial glycolysis. ADS also functions as an adaptive strategy used by certain bacteria to thrive in oral biofilms. Substantial evidence accumulated from laboratory and clinical observations supports the hypotheses that measurements of arginine metabolism via ADS may serve as an important caries risk assessment criterion and that providing arginine regularly to supragingival biofilms can be an effective therapy for caries intervention. This article reviews the potential of arginine-based therapies such as the use of arginine as prebiotic, ADS + strains as probiotics, and oral care formulations containing arginine for prevention and management of dental caries.
Introduction
Insights from the Human Microbiome Project reveal that microbial ecological balance in human biofilms is essential for health (Turnbaugh et al. 2007 ). Not surprisingly, there has been an increasing interest in therapeutic interventions that modulate the microbiome of biofilms to restore ecological balance and thus health. One way to restore biofilm homeostasis is to equilibrate the acidity and alkalinity processes to maintain a neutral biofilm pH. In the active process of caries, continuous acid production from bacterial glycolysis of dietary carbohydrates shifts the composition of supragingival biofilms toward the emergence of an acid-producing and acid-resistant microflora and loss of tooth minerals (Marsh 2006) . Physiological factors that can counterbalance the acidification of biofilms include the clearance and buffering capacity of saliva and the metabolism of salivary substrates, such as urea and arginine, which generates alkali in the form of ammonia. In particular, ammonia production from arginine metabolism of oral bacteria inhibits tooth demineralization by neutralizing glycolytic acids and by favoring the growth of a desirable microflora that is compatible with dental health (Nascimento and Burne 2014) .
Early in vitro studies from Kleinberg and collaborators identified the amino acid arginine as the main salivary component responsible for the pH-raising effect of saliva, even in the presence of carbohydrates (Kleinberg et al. 1979; Kanapka and Kleinberg 1983) . The sources of arginine (L-arginine) can be exogenous (through the diet) or endogenous (protein turnover and de novo arginine synthesis from citrulline) in which arginine is naturally produced by the human body and secreted in saliva in free form or as salivary peptides (Morris 2006) . In supragingival biofilms, arginine is metabolized mainly by the arginine deiminase pathway (ADS) of certain oral bacteria to produce citrulline, ornithine, CO 2 , adenosine triphosphate (ATP), and ammonia. Ammonia production from arginine metabolism results in cytoplasmic and environmental pH rises and serves as a mechanism used by oral bacteria for (1) protection against acid killing; (2) bioenergetic advantages, including the increase of ΔpH and synthese of ATP; and (3) maintaining a relatively neutral environmental pH that favors the persistence of ADS-positive (ADS + ) bacteria while being competitive against caries pathogens (Burne and Marquis 2000) . Therefore, ADS activity in supragingival biofilms is an important metabolic activity that affects pH homeostasis and microbial ecology and pathogenicity. This article aims to review the knowledge gained thus far from laboratory and clinical studies that support a significant role of arginine metabolism in the ecological balance of supragingival biofilms and inhibition of caries and also to report promising clinical applications of arginine in caries intervention. 
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Arginine Metabolism as a Caries Risk Criterion
A series of in vitro studies (Turtola and Luoma 1972; Sissons and Cutress 1988) and clinical observations (Peterson et al. 1985; Margolis et al. 1988; Van Wuyckhuyse et al. 1995) disclosed that ammonia production via ureolysis and arginolysis may prevent dental caries. Based on these previous findings, our research group posed the question of whether there is a correlation between the ammonia-producing capacity of saliva and supragingival biofilms (or dental plaque) with caries experience. Indeed, our first clinical study revealed a positive correlation between low ureolysis and arginolysis via ADS in oral samples and caries activity (Nascimento et al. 2009 ). More specifically, saliva and pooled plaque samples from caries-free adults presented higher ammonia production from these pathways as compared with those from caries-active adults. While in vitro studies have demonstrated the anticaries effect of urea, problems associated with supplementation of urea in humans have limited its use as an anticaries agent. Hence, our main research focus has been on arginine metabolism.
ADS activity of oral samples can be measured in the laboratory by monitoring ammonia or citrulline production from arginine using a protocol described elsewhere (Liu et al. 2008 ). In our second clinical study, we were able to optimize such a protocol to measure ADS activity in smaller amounts of plaque samples. This was highly significant from a clinical perspective because it allowed the study of site-specific plaque samples instead of pooled plaque. In brief, we measured the ADS activity of plaque collected from caries-free tooth surfaces (PF), enamel carious lesions (PE), and dentin carious lesions (PD) of children who were either caries free or caries active (Nascimento et al. 2013 ). Mixed-model analysis evaluated whether age, type of dentition, children's caries status, and plaque caries status could be used as predictors of ADS activity. However, plaque caries status was the only factor significantly related to ADS activity (P < 0.0001), meaning that healthassociated plaque (PF) predicted higher levels of ADS activity compared with carious plaque (PE or PD).
An ongoing prospective study has been investigating the relationship between arginine metabolism and caries experience over time by assessing children every 6 mo (Hanway et al. 2016) . The preliminary results from the 18-mo study visit revealed that the ADS activity of caries-free children was significantly higher (P < 0.0001) and considerably more stable when compared with that of caries-active children. The ADS activity of PF samples was also significantly higher compared with those of PE (P < 0.01) and PD (P < 0.0001) samples, but only ADS activity of PD was considered stable over the period of 18 months (Fig. 1) . The most rational explanation for the differences observed in ADS activity between healthy-associated and carious plaque may be related to the composition of the microbiomes inhabiting these different sites. It is also possible that the microenvironments in biofilms of caries-active individuals and caries-active tooth sites may not favor high levels of ADS expression or may contain inhibitory factors that decrease ADS expression or enzyme activity. Nevertheless, our findings to date support the hypothesis that arginine metabolism in supragingival biofilms may greatly affect the resistance or susceptibility of the host to dental caries. They also suggest that measurements of arginine metabolism by plaque bacteria can be used to differentiate the caries risk of individuals and tooth surfaces. For further validation of plaque ADS activity as a caries risk assessment criterion, future clinical trials should be designed using an integrated model that includes arginine metabolism as a caries-protective factor and other recognized pathologic risk factors as predictors of caries. Conceivably, novel chairside tests using plaque ADS activity as a caries risk assessment tool could also be developed in the future.
Highly Arginolytic Biofilms Are Desirable Noncariogenic Biofilms
The use of OMICS technologies in caries research is providing a broader understanding of the composition of the oral microbiome that may contribute to dental health or to the caries process ). Many of these molecular biology studies, and also earlier studies based on traditional microbiology, have shown strong associations between the presence of ammonia-producing organisms and dental health (Aas et al. 2008; van Houte et al. 1994) . The group of oral bacteria that are known to express the ADS include Streptococcus sanguinis, Streptococcus gordonii, Streptococcus parasanguis, Streptococcus mitis, Streptococcus oralis, Streptococcus rattus, certain Lactobacillus species, and a few spirochetes (Burne and Marquis 2000) . However, some acid-producing bacteria that are associated with caries also possess the ADS, including species of Actinomyces and Bifidobacterium/Scardovia (van Ruyven et al. 2000; Aas et al. 2008; Beighton et al. 2010; Tanner et al. 2011) . Moreover, the human oral microbiome database (HOMD) indicated the presence of potential Figure 1 . Arginine deiminase pathway (ADS) activity of PF samples was significantly higher (*) compared with that of PE (P < 0.01) and PD (P < 0.0001) samples. Plaque ADS activity was measured at each study point by monitoring citrulline production from arginine. ADS activity was normalized to protein content and defined as nmol of citrulline generated (minute × [mg protein]) -1
. PD, plaque from active, dentin carious lesions; PE, plaque from active, enamel carious lesions; PF, supragingival plaque samples from caries-free tooth surfaces.
"arginine deiminase" enzymes in the genome of more than 130 oral taxa, mostly not-yet-recognized ADS + bacteria. The fact that ADS + bacteria can be found in both health and caries underlines the many different metabolic functions of this system. Perhaps ADS + bacteria with low constitutional arginolytic activity have maintained the ADS for bioenergetic advantages only, while those with high constitutional arginolytic activity may produce sufficient levels of ammonia to raise cytoplasmic and environmental pH that contribute to pH homeostasis of biofilms. To clarify the complex acid-base relationships of the oral microbiome, it is critical to differentiate the healthyassociated "commensals" from the bacteria that are aciduric but insufficiently alkalinogenic to moderate biofilm acidification and therefore may be considered cariogenic bacteria.
A recent study employed the Human Oral Microbe Identification using Next Generation Sequencing (HOMINGS) to explore the association between caries activity and microbial profiles of site-specific supragingival plaque samples (Richards et al. 2017) . Distance-based redundancy analysis showed that the bacterial communities of PF, PE, and PD were well differentiated from each other (Fig. 2) , which supports that the microbiome of healthy tooth surfaces differs substantially from that found when there is evidence of caries activity. Taxa most commonly found in PD include (in order of prevalence) Streptococcus mutans and other acidogenic/aciduric species such as Scardovia wiggsiae, Parascardovia denticolens, Veillonella parvula, and Lactobacillus salivarius. Intriguingly, PD samples in which S. mutans was not detected, or was detected at very low proportions, presented high community diversity. Taxa most commonly found in PF include (also in order of prevalence) S. sanguinis, Lautropia mirabilis, Abiotrophia defectiva, Corynebacterium durum, and Rothia aeria, and the abundance of these taxa progressively decreased from healthy-associated to carious plaque. This microbiome study strengthens the well-known association of S. mutans with caries and S. sanguinis, which is an ADS + species, with health but also highlights that other species of lower frequency may also be involved in transition from health to caries disease. Site-specific supragingival plaque samples collected during this study are being currently analyzed to investigate whether ADS + bacteria with low constitutional arginolytic activity are more commonly isolated from caries-active subjects and/or plaque from carious sites and whether ADS + bacteria with high constitutional arginolytic activity are more commonly isolated from caries-free subjects and/or plaque from caries-free tooth sites.
To continue to elucidate the role of bacterial arginolytic activity in the caries process, our laboratory isolated a panel of ADS + strains from supragingival plaque and characterized these strains for their ability to metabolize arginine under conditions known to induce or repress the ADS (Huang et al. 2015) . Strains of the commensals, S. sanguinis, S. gordonii, S. parasanguinis, S. intermedius, S. australis, and S. cristatus presented enormous variability in their constitutive and conditionspecific arginolytic capacities. The study demonstrated that the ADS of the various clinical strains respond differently to the availability and source of carbohydrate, low pH, and oxygen. Given that acid tolerance and adaption to nutrient limitation and oxidative stress are complex phenotypes, the different regulatory patterns of these systems provides evidence that oral ADS + strains differ markedly in the strategies they use to cope with environmental stresses in the oral environment.
From our library of clinical ADS + strains (Huang et al. 2015) , a novel strain called A12 caught our attention for expressing significantly high ADS activity under cariogenic conditions . High constitutional ADS activity of oral bacteria such as A12 sustains a neutral environmental pH in supragingival biofilms and can be considered as a nonspecific defense mechanism against caries pathogens by decreasing their competitive advantage at low pH. A12 was isolated from a supragingival plaque sample of a caries-free individual and was shown to have a potent inhibitory effect on the growth of S. mutans, mainly through pyruvate oxidasedependent H 2 O 2 production (Fig. 3) . Antagonism between beneficial commensals and cariogenic bacteria is a major factor that shapes the composition and ecology of supragingival biofilms. Organisms such as A12 that can moderate plaque pH and interfere with the growth and virulence of caries pathogens may play central roles in the promotion of health-associated oral biofilm communities.
Arginine Applications in Caries Prevention: Prebiotics, Probiotics, and Oral Care Formulations
Numerous therapies have been proposed to target specific caries pathogens or indiscriminately eliminate oral biofilms (e.g., xylitol, chlorhexidine [James et al. 2010] , immunization, and bacterial replacement therapy; Hillman 2002). However, the effectiveness of these methods is yet to be recognized, and safety concerns have been raised with regard to their negative impact in the ecology of the oral microbiota. Novel therapies that seek to provide arginine as a substrate for ammonia production in oral biofilms may have high cost-effective potential for at-risk populations facing challenges accessing dental care. These promising approaches may include the use of arginine as prebiotic, selected ADS + strains as probiotic, and/or introduction of arginine in oral care formulations.
Prebiotics are defined as fermented food ingredients that can change the composition and/or activity of the resident microflora and confer benefits on host well-being and health (Roberfroid 2007) . The concept of prebiotic has attracted and inspired research in many areas of nutrition and medical sciences. Several studies have shown that dietary consumption of certain food products can selectively modulate the indigenous composition of the gut microbiota (Roberfroid et al. 2010) . As a natural dietary supplement, arginine has been extensively researched in medicine primarily to improve the symptoms of cardiovascular disease (Lorin et al. 2014) . This is so because arginine is a precursor of nitric oxide (NO), which plays important roles in vasodilatation, bacterial challenge and cytokine stimulation, regulation of mineralized tissue function, neurotransmission, and platelet aggregation (Morris 2016) .
Recent in vitro studies have shown that providing L-arginine to supragingival biofilms disrupts the process of biofilm matrix assembly and the microbial interactions that are associated with the development of cariogenic biofilms (He et al. 2016) and also confers biofilm pH homeostasis (Agnello et al. 2017) . Interestingly, dietary questionnaires used in our clinical studies revealed that a group of caries-free participants presenting extremely high levels of plaque ADS activity reported high consumption of protein bars or protein shakes, which are major sources of arginine (data not published). Although arginine supplementation may have a positive impact in supragingival biofilms, NO generated from arginine metabolism may be involved in the pathogenesis of periodontitis (Parwani and Parwani 2015) . Clearly, long-term randomized clinical trials are needed to determine whether dietary supplementation of arginine could be advantageous for oral health. Besides, it is critical to determine the correct supplementation level of dietary arginine before this amino acid can be used as a prebiotic approach for caries intervention.
Probiotics are defined as viable microorganisms that confer health benefits when administered in sufficient doses. There is a long history behind the use of probiotics for prevention and treatment of many medical conditions. Probiotics are an alternative to pharmaceutical management, notwithstanding the constant debates on their beneficial versus adverse effects. The increased popularity of using probiotic bacteria to improve gastrointestinal health has prompted interest in the value of this approach for oral applications. Consequently, much attention has been given lately to the role of probiotics in preventing caries, and the administration of different strains of Lactobacilli and/ or Bifidobacteria have been tested to battle cariogenic bacteria (Cagetti et al. 2013) . The mechanisms of action of probiotics are thought to combine local and systemic effects including adhesion, coaggregation, growth inhibition, production of organic acids and bacteriocins, and immune modulation (Devine and Marsh 2009) , with the ultimate goal of displacing and perhaps replacing pathogens. These mechanisms may vary according to the specific bacterial strain or combinations of strains used, the delivery system, and the stage of the disease process in which the probiotic is administered.
Although the potential of using probiotics to manage caries appears to be high, the probiotic strains tested for oral health are, at the moment, microorganisms used mainly for gastrointestinal benefits, and they are likely not to adapt well to the unique environmental conditions and complex ecology of oral biofilms (Cagetti et al. 2013) . These probiotic strains do not seem to colonize the oral cavity permanently, which may be related to the number of receptors in the dental pellicle available for colonization of these nonoral strains as compared with receptors for indigenous oral bacteria (Comelli et al. 2002) . It has been proposed that naturally occurring oral strains with diminished cariogenic potential and desirable antagonistic properties on cariogenic bacteria may be proven successful as probiotic therapies for caries (Hillman et al. 2009 ). In this context, A12 and other arginolytic clinical strains with constitutionally high ADS-expressing phenotypes and those capable of expressing ADS under conditions known to cause caries (e.g., sugar availability and acidic environment) are being tested as probiotic strains for caries prevention.
A technology designed to deliver arginine for ammonia production by plaque bacteria (Kleinberg 1999 ) has been incorporated into toothpastes, mints, and chews. Over the past 10 y, clinical trials have been conducted to evaluate the anticaries efficacy of products containing this original arginine technology or other optimized arginine formulations with or without fluoride (Acevedo et al. 2008; Kraivaphan et al. 2013) . A 2-y clinical study demonstrated that the 1.5% arginine fluoridefree toothpaste was more effective in inhibiting caries than the control fluoride toothpaste (Acevedo et al. 2005) . In another trial, caries onset and progression were reduced in children using sugarless mints containing 1.5% arginine, 4 times/d during 12 mo (Acevedo et al. 2008) . The use of a 1.5% arginine (1) A12 strain was inoculated first, followed by inoculation of S. mutans 24 h later and an additional 24 h of incubation; (2) S. mutans was inoculated first, followed by inoculation of A12 24 h later, then an additional 24 h of incubation; and (3) A12 and S. mutans were inoculated at the same time and incubated for a total of 24 h ).
fluoride-free toothpaste for 4 wk increased ADS activity in plaque of caries-active adults and caused a shift in their plaque microbial profile to a bacterial community comparable to that of caries-free adults . A toothpaste containing 1.5% arginine, an insoluble calcium compound, and 1,450 ppm of fluoride was also shown to reduce caries increments in low-and moderate-risk children, to arrest and reverse carious lesions in children and adults, and to have superior caries benefits as compared with a regular toothpaste containing 1,450 ppm of fluoride alone (Kraivaphan et al. 2013) . Thus, the mechanisms of action of arginine appear to complement those of fluoride by directly influencing biofilm pH while affecting the composition of oral biofilms. No negative side effects or potential risks have been reported following the use of these products containing arginine at 1.5%. Even though the supplementation of arginine to oral biofilms can be effective against caries, the long-term impact of these novel arginine-based technologies on oral health and etiology of other oral diseases such as periodontal disease remains to be investigated.
Conclusion
Compelling in vitro and in vivo evidence support the continued investigation of oral arginine metabolism as a promising approach for caries intervention. A key property of the bacteria that are present in higher proportions in healthy-associated supragingival biofilms is their ability to produce ammonia from arginine metabolism. Ammonia production via ADS contributes to pH homeostasis and ecological balance of biofilms, thus reducing the risk for the development of carious lesions. Measurements of ADS activity in dental plaque samples offer the opportunity for the design of novel tools for caries risk assessment. Potential arginine-based approaches for caries intervention, which can be used separately or in combination, include arginine supplementation as prebiotics, arginine incorporation in oral care products and probiotic formulations composed by clinical strains presenting high ADS-expressing phenotypes, low cariogenic potential, as well as desirable antagonistic properties on cariogenic bacteria. Yet, future longterm randomized clinical trials should be performed to further evaluate the effect of arginine supplementation in oral health.
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